Purpose: To correlate the dose response and changes in microscopic structures of the radiochromic films exposed to the clinical magnetic field in the range 1.5-3 T with standard and flattening filterfree (FFF) photon beams. Methods: The radiochromic film was cut into 5 9 5 cm 2 sheets/samples from one batch. These samples were exposed to a 1.5-T and/or 3-T B-fields from an MRI scanner using an abdominal sequence for 7 min before and after irradiation with 6 MV and/or 6 MV FFF beams. Films were placed in a reference condition at 5 cm depth in a solid water phantom and exposed up to 20 Gy. The sample orientation was maintained the same during exposure, readout, and scanning electron microscopic (SEM) analysis. The samples were scanned with an Epson Expression 11000XL in a 48-bit RGB color mode at 300 dpi with red channel. Scanned images were processed in Image J and red channel mean intensity values were recorded. The samples were then coated with 6 nm gold and imaged by SEM Teneo (5 kV, 13 pA) under 2000, 2500, and 3000 magnifications for texture analysis. Results: The changes in the microstructure of the films in magnetic fields (1.5-and 3.0-T) were dose dependent. The orientation and granular size of samples at higher doses were altered compared to the controls. Needle-shaped structures of the active layer were longer and aligned for samples exposed to higher doses and magnetic field. However, no significant changes in optical density due to the presence of a magnetic field pre/postirradiation up to 20 Gy were observed. Conclusion: Fine structures of the film represent the polymerization characteristics that are affected by the radiation dose in the magnetic field. Upon exposure to radiation, diacetylene monomers undergo polymerization that forms longer chains with a temporal response. Even though this study did not notice any significant changes in optical density due to the presence of magnetic field, this should be studied in simultaneous application of the magnetic field during treatment in a dedicated MR-linac unit.
INTRODUCTION
The radiochromic films are a well-known dosimetric tool used for the evaluation of the delivered dose in radiotherapy especially for the two-dimensional dose mapping as well as complex treatments that have been described in details. 1, 2 Gafchromic film (Ashland Specialty Ingredients, Bridgewater, NJ, USA) is a commercial name of a class of radiochromic films. It has evolved from external beam therapy (EBT), EBT2, EBT3, and newest EBT-XD films with modification to the chemical composition making them more palatable for radiation dosimetry. These films have unique niche over other detectors due to its tissue equivalence, dose range, relative energy independence, and other characteristics that have been described in radiation dosimetry. [1] [2] [3] The development of Gafchromic film has expanded from research 4 to advanced dosimetric tool with greater uniformity, sensitivity, and fewer environmental dependencies. This has led to an increasing use and demand for Gafchromic film in radiotherapy applications ranging from brachytherapy, small field, radiosurgery, proton beam to now in MRI-linacs that has been described in literature.
The MRI-guided radiotherapy has been gaining momentum with evolution of low magnetic field to high magnetic field devices. [5] [6] [7] [8] Due to magnetic field, charge particle transport gets perturbed thus dosimetry with regular detectors is challenging. [9] [10] [11] [12] Recently, Gafchromic films were evaluated as a dosimetric tool in magnetic fields. However, due to its composition (paramagnetic atoms) that has changed from one model to other (EBT->XD), it is logical that it might produce perturbation in a magnetic field. It was shown that EBT2 shows decrease in the dose reading up to~15% when it is exposed simultaneously to a 0.35-T magnetic field in a static 6-MV beam 13 and is also sensitive to specific absorption rate with a 1.5-T B-field.
14 However, EBT3 film was shown to be not as sensitive to the 0.35-and 1.42-T B-fields during simultaneous irradiation with a pulsed 6-MV beam. 15 These results are the strong evidence of the impact of the film composition on the results of the dose measurements in the presence of the magnetic field and, thus, more comprehensive analysis of the film microstructure needed to explain differences in the previously reported findings. [13] [14] [15] Gafchromic films are constructed of several emulsion layers coated onto intervening substrate layers. 1 The heart of a radiochromic film is a substrate layer made of diacetylene monomers, the lithium salt of pentacosa-10, 12-diyonic acid (LiPCDA) that polymerizes upon radiation exposure that is used in ultrahigh resolution dosimetry. [1] [2] [3] The atomic composition of the active layer of the listed above films contains: C, H, O, N, Li, and Al with some variation in elemental ratio. 1, 2 The composition of the film affects its water equivalence and optimal dose ranges are listed in Table I compiled from various references. 1,2,16,17 Upon exposure to thermal radiation, UV photons, or x rays, diacetylenes are converted from a soluble monomer crystal to a deeply colored blue or red polymer crystals (chains) depending on specific composition. 1 The polymer chains grow in length with the level of the radiation exposure. This reaction involves molecular rotation that has to act against repulsive forces in the bond formation independent of the energy ratio of the polymeric product to monomer. 18 The Al and Li are paramagnetic materials with magnetic susceptibility of 1.6 9 10 À5 cm 3 /mol and 1.46 9 10 À5 cm 3 /mol, respectively. Paramagnetics form internal induced magnetic fields in the direction of the external applied magnetic field that disappear upon external field removal. So, it may affect the formation of polymer chains and, thus, coloring of the film. A complimentary study conducted by Rokhlenko et al. 19 showed that magnetic field produces alignment of polymer microdomains which are sensitive to temperature and magnetic field strength.
The purpose of this study was to correlate the microscopic changes in Gafchromic film of different types (EBT2, EBT3, and XD) under magnetic field pre-or postirradiation for optical density changes. Such studies are needed for the dosimetry in the emergence of the MRI-linac technology as films are valuable tool.
MATERIALS AND METHODS
To study the magnetic field effects on the film microstructure, three different types of film (EBT2, EBT3, and EBT-XD) were placed in a solid water phantom and exposed to the clinical B-field in the range 1.5-3 T before and/or after irradiation. The films were irradiated with 6 MV beam in the dose range up to 20 Gy. The comparison study between normal and flattening filter-free (FFF) beams were carried out. The optical density of the exposed samples and microscopic structural changes of the films were evaluated and quantified. The film from one batch was cut into 5 9 5 cm 2 samples maintaining the same portrait orientation as an initial sheet during all studies to avoid possible polarization effects reported earlier. 17 Each sample was positioned in the direction of the magnetic field in the MRI scanner (Siemens 1.5 and 3 T) before or after irradiation. The samples were exposed to an abdominal sequence for 7 min in the MRI scanner [Ax T2 Fs (1:55) and NYU Radvibe Thres (5:49)]. The time delay between B-field exposure and radiation exposure was around 45 min or 12 h as it is specified in a particular experimental setup. Films were irradiated with 6 MV (600 MU/min) or/and FFF beam (1200 MU/min) in the direction toward the gantry using a Varian calibrated and daily checked clinical True Beam at 100 cm SSD and 10 9 10 cm 2 . The film samples were placed in a solid water slab phantom (30 9 30 9 5 cm 3 each slab) at 5 cm depth with 5 cm backscatter during all exposures.
All films within the time of the experiment and analysis were stored in the light-tight envelopes. The time interval between exposures and scanning was maintained the same. The film scanning was performed at approximately 10 h after irradiation to allow for the postirradiation polymerization to be nearly complete. 20, 21 The samples were scanned with an Epson Expression 11000XL in a 48-bit RGB transmission color mode at 300 dpi. The reading of the unexposed film of each type was taken before each experiment to account the scanner uniformity correction in the location where the exposed films were read. The samples were scanned after experiment with the negative control sample (no magnetic field or/and radiation exposure). The films long side (portrait orientation) was positioned along the scanning line. 17 The samples were always placed in the same position in the middle of the scanner bed (the position was verified with guides/ rulers) due to the presence of the lateral scanner artifact, the measured color value dependence upon the film position relatively to the center of the scanner. 2, 22 Additionally, since red channel is more sensitive to OD changes, only red channel was used for the dosimetry as suggested by various references. 1, 13, 23 Scanned images were processed with Image J and the red channel mean intensity values were recorded from four concentric regions of interest (ROIs) ranging from 0.5 to 81 mm 2 . The standard deviation in the evaluated ROIs in each sample is less than~0.3%; the standard deviation (r) of the scanner bed itself in the ROI is less than~0.1%. The average of the recorded values was used for the net optical density (OD) and r calculations as it was suggested by Devic et al. 23 This measuring technique was used in order to eliminate volume-averaging effects caused by scanning position and resolution. 24 To prepare the samples for the scanning electron microscopy (SEM) analysis, a 1 9 1 cm 2 square samples were cutoff from each film. The top left corner was notched with respect to the orientation mark on each film in order to maintain the film alignment. Then, the samples were mounted on SEM stubs with a carbon tape. After removing the top polyester laminate and adhesive layers with tweezers, the stubs were transferred to a Cressington 208HR Sputter Coater and coated with 6 nm iridium (GW Institute for Nanotechnology). The coated samples were loaded into a FEI Teneo LV FEG SEM (GW Institute for Nanotechnology). All samples were imaged under the condition of 5 kV and 0.1 nA with the upper in-lens detector (T2).
The SEM images were analyzed using Image J software. The polymerization resulted in the changes of the needle-like structures. The lengths and the angles (with respect to the horizontal line, scale bar in the image) of the needle-like structures were recorded (40 per image) and statistically analyzed. The probability distribution function (PDF), mean and mode values, and r were calculated for recorded features.
RESULTS

3.
A. Pre-and post-magnetic field exposure of the film exposed to radiation First, the magnetic field exposure (1.5-T) pre-or postradiation was tested. Figure 1 shows the net OD and standard deviations versus dose up to 16 Gy for the EBT3 film. These were compared with the samples of the EBT3 film with no B-field exposure under normal and FFF 6 MV beams. The time delay was around~10 h to allow film polymerization after radiation exposure. No significant dose deviations between radiation only exposed and radiation and magnetic field exposed samples were observed. The difference in the net OD between radiation only exposed and radiation and magnetic field exposed samples was varied in the range from 0.16% to 1.9% for 6 MV and À0.5% to 1.8% for the 6 FFF beam. It is worth noting that the difference between measured doses was~2.07% higher for 6 MV beam but the net OD readings between samples exposed only to radiation were lower by~1.3%-1.6% for 6 MV beam. The r calculated for net OD were~0.2%-0.5%, but twofold higher for samples exposed to the magnetic field and 6 FFF MV beams.
To verify the dependence on the film type or composition, the samples of EBT2, EBT3, and EBT-XD films were exposed to 1.5-T magnetic field~45 min before the irradiation with 6 MV beam and compared to the samples exposed just to 6 MV beam in the dose range up to 20 Gy. The time was shortened to test if there is more significant effect of the magnetic field that could be observed. The samples exposed to a 1.5-T magnetic field were compared to the samples unexposed to the magnetic field. These samples were compared between each other with an unexposed sample with zero radiation exposure. No significant changes were detected in the net OD, though EBT-XD had the smallest r (net OD) (0.1%-0.16%). As the dose increased, the r in net OD decreased for all types of the EBT film. The differences in the recorded intensity values measured from ROIs between unexposed to samples exposed to radiation and samples exposed only to a 1.5-T magnetic field were À0.38%, 0.42%, and 0.5% for EBT2, EBT3, and EBT-XD respectively.
3.B. Study of the change in the magnetic field strength on the film microstructure
Since EBT3 showed the largest variation in the standard deviation, we chose it to test if the increase in the magnetic field strength would affect the net OD readout. Figure 2 shows EBT3 pre-exposed to 1.5-and 3-T magnetic fields and 6 MV beam in dose range up to 20 Gy. The time delay between magnetic field exposure and irradiation was 45 min. The plotted data in the Fig. 2(a) shows the ratio of magnetic field exposed films to the films exposed only to 6 MV beam radiation only. The unexposed film (control) was the film with no radiation beam and no magnetic field exposure. While there is no significant changes were detected in the net OD values of 1.5-and 3-T magnetic fields, the r values were very close and followed the same trend [ Fig. 2(b) ]. In both cases, the net OD has a larger variation in the lower dose region up to 5 Gy. 3.C. SEM analysis of the films exposed to radiation and pre-or post-exposed to a 1.
5-T magnetic field
The SEM images of the samples analyzed in the Fig. 1 are shown in the Fig. 3 : the control samples (0 Gy, 0-T, and 0 Gy, 1.5-T), the samples exposed to 6 MV (15.5 Gy) and 6 FFF beams (~15.2 Gy), and the samples exposed to 6 MV beam and 1.5-T B-field (before and after irradiation). The 6 FFF exposed samples had more inhomogeneous distribution than normal beam exposed samples. The samples exposed to a 1.5-T magnetic field contained ultralong structures with and without exposure to radiation beam. The PDF function was determined for the each distribution and shown in the corner of the each SEM image. The data is showed in the Table II. 3.D. SEM analysis of the films exposed to radiation and pre-or post-exposed to 1.5-and 3-T magnetic fields Figure 4 shows the SEM images of the samples shown in the Figs. 2 and 5. The displayed samples were pre-exposed to 0-, 1.5-, and 3-T magnetic fields and exposed to~0, 2.5, and 10 Gy (6 MV beam). The statistical analysis (PDFs, mean and mode value, and r) of the lengths and angles of the needle-like features are shown in the Figs. 6 and 7, respectively. The red dotted line in the Fig. 6 indicates the mode value of unexposed to radiation and magnetic field sample. There is a shift in the distribution of the lengths to the larger values in the exposed samples. The mean length values also increased from 9 to 10 lm up to 14-16 lm in the samples exposed to 10 Gy of 6 MV beam with and without pre-exposure to 1.5-and 3-T magnetic fields. The PDFs of the angle of the measured features showed that in the samples exposed to 10 Gy had one angle (direction) becoming preferential.
DISCUSSION
This study demonstrated that there is a correlation between optical density changes and changes in microstructure of Gafchromic films exposed to radiation and magnetic field: the morphological changes in the film structure are directly related to film colorization. The polymerization of the film leading to optical density changes has been demonstrated by various groups. 1, 25 The magnetic field does not affect polymerization significantly and, thus, does not affect the optical density that is the expression of the dose change. In polymers, microdomain alignment in magnetic field is dependent on the field strength as shown by Rokhlenko et al. 19 using transmission electron micrograph. The dose response of Gafchromic film depends on the type of the beam (energy spectrum), as shown in the Fig. 1 . The films that were exposed to the FFF beam had a discrepancy in the net OD; the change in the readout was not proportional to the delivered dose. The doses in 6 FFF beam werẽ 2.07% lower, while the readout in the net OD was higher bỹ 1.5%-1.7% for doses up to 8 Gy and~1.3% for the doses up to 16 Gy. Similar changes in flat and FFF beam have been observed by Wen et al. 26 in EBT3 film used for radiosurgery. The samples pre-and post-exposed to a 1.5-T magnetic field and irradiated with 6 FFF beam also had higher r calculated for net OD. The analysis of the polymer chains (needle-like structures) in the SEM images of the data in the Fig. 1   FIG. 5 . Film composition affects the net OD. The net OD and r of the EBT2 (a, d), EBT3 (b, e), and EBT-XD (c, f) films are shown. Films were exposed to 6 MV beam only or pre-exposed to a 1.5-T magnetic field and 6 MV beam radiation. The r change is highest at the lower doses for all three types of the film. The highest variation in the r (net OD) was found in EBT 3 samples. [Color figure can be viewed at wileyonlinelibrary.com] showed changes in the PDFs in the samples exposed to radiation and magnetic field. There was no significant change in the mean and mode values of the lengths in the sample exposed to the magnetic field only, but the PDF showed the presence of longer needle-like features. The statistical analysis of the samples exposed to the FFF beam with and without exposure to the magnetic field had more variation in the lengths (Fig. 3, Table II ). This is reflected in the dose discrepancies and higher values of r as shown in Fig. 1 . This could be due to the presence of the low energy components in the spectrum of the beam. Just for clarity, the SEM analysis was done in the central part of the film samples where the changes in flatness are not significant.
It was shown in the Fig. 5 that not only the beam energy spectrum but also film composition affects the film response to the presence of the magnetic field. The films pre-exposed to a 1.5-T magnetic field did not show significant difference in the net OD readings, but the r was the highest for EBT3 and the lowest for EBT-XD. The reduction in the artifacts/ variations in the net OD in the EBT-XD is related to its composition. The length-to-width ratio of the LiPCDA molecules of the active layer of the EBT-XD film is smaller and the initial orientation of these crystals is less parallel. 17, 22, 27 The shortening of the time delay between the magnetic field exposure and radiation did not amplify the change in the net OD readouts, as did not the increase in the magnetic field strength from 1.5-to 3-T. Even the differences between the samples exposed to 1.5-and 3-T were not significant (up to 1%-2% in the net OD), we noticed that the lower doses (up to 5 Gy) resulted in a higher impact than the higher doses (Fig. 2) .
Further investigation in the EBT3 film microstructure (Figs. 4, 6 , and 7) confirmed the findings from the Figs. 1 and 3. The magnetic field only resulted in the change of the PDF range of the needle-like structures lengths. Longer features appeared in the spectrum (Fig. 6) . The radiation exposure resulted not only in range change, but also shifted the mode and mean values towards longer lengths. The distribution function of the needle-like structure angles with respect to the horizontal direction (scale bar in the image) was also impacted by the radiation exposure. The higher the dose, the more structures were aligned in the same direction (Fig. 7) .
The solid-state polymerization process in Gafchromic film can be completed within 20 ms following the post-polymerization that can occur during up to 24 h. 2, 4 It was found that the magnetic field only causes very small changes in the microstructure of the film. Thus, the paramagnetic components of the active layer in the presence of the magnetic field only do not affect the process of the diacetylene monomers packing into the crystals. The radiation exposure is the leading cause of the microstructural rearrangements.
Comparing the results of the net OD, r, and SEM microstructure analysis, it could be concluded that the radiation exposure with and without magnetic field exposure results in the significant microstructure changes that correlate with net OD changes. While, the magnetic field exposure alone does not lead to significant changes in film microstructure and thus does not affect the net OD readout, it is interesting to note that net OD shows larger variations (r) in the low dose range and for FFF beams. The film response to the magnetic field and radiation exposure was shown to be dependent on the film composition. One of the concerns that is not addressed in this study is the effect of simultaneous exposure of radiation in magnetic field which is the case for the MRI-linac units. Additional investigation is warranted to explore our finding in MRI-linac unit with various types of films keeping in mind that EBT2 film is much more sensitive in magnetic field compared to the EBT3 films as described by various investigators. 12, 13, 15 
CONCLUSION
Fine structures of Gafchromic film represent the polymerization characteristics that are affected by the radiation dose and possible magnetic field. The radiation exposure is the leading cause of the diacetylene monomers undergoing polymerization that forms longer chains and OD changes. The magnetic field alone does not lead to any significant changes in the polymerization and subsequently in the net OD. Even though this study did not notice any significant changes in OD in the presence of the magnetic field only, the simultaneous application of the magnetic field during the treatment in MRI-linac unit may lead to discrepancies due to the magnetic field affect the beam itself. It is also recommended to include into dose calibration the control film exposed to the magnetic field only.
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